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Background— The adipocyte-derived hormone leptin is elevated in obesity and may contribute to vascular risk associated with 
obesity. The mechanism(s) by which leptin affects vascular disease is unclear, although leptin has been shown to increase 
sympathetic activity. The aim of this study was to investigate the effect of leptin treatment on endothelial function and the role of 
the local sympathetic nervous system in mediating these effects. 

Methods and Results— Recombinant leptin was administered to C57BL6/J mice every other day for 1 week. Mesenteric arteriole 
myography revealed that leptin treatment caused significant impairment of endothelium-dependent vasorelaxation. Although leptin 
alone did not raise aortic blood pressure, leptin treatment augmented the blood pressure response to angiotensin II. The effects of 
leptin on mesenteric arteriolar function and aortic blood pressure response to angiotensin II were neutralized following sympathetic 
denervation to the mesenteric vasculature. The superoxide scavenger TEMPOL was also effective in preventing the effects of leptin 
on endothelial dysfunction. 

Conclusions — Leptin causes endothelial dysfunction and enhances the effects of angiotensin II on blood pressure. These effects of 
leptin are mediated by sympathetic nervous system activation and superoxide and may contribute to vascular stiffness and 
hypertension in obesity. (J Am Heart Assoc. 2013;2:e000299 doi: 10.1 161/JAHA.1 13.000299) 
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Obesity is a risk factor for cardiovascular diseases; 
however, mechanisms by which obesity increases 
vascular risk remain ill-defined. 1 Leptin is produced by the 
adipocyte and provides feedback to the hypothalamus 
regarding energy stores. 2 Leptin may also affect many other 
physiological processes via central or peripheral leptin 
receptor signaling pathways. 3-6 Elevated leptin levels in 
humans have been associated with cardiovascular complica- 
tions in some studies 7 and with atherosclerosis, 4 ' 5 thrombo- 
sis, 3 ' 5 neointimal hyperplasia, 8-10 and hypertension 11 ' 12 in 
preclinical studies. Because endothelial dysfunction may 
represent an early form of vascular disease that precedes 
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atherosclerosis, we investigated the effects of leptin on 
endothelial function and the role of the sympathetic nervous 
system in mediating these effects. 

Methods 
Animals 

Wild-type C57BL6/J male mice were purchased from the 
Jackson Laboratory. Eight-week-old male mice were fed a 
standard laboratory rodent diet (#5001; TestDiet) in specific 
pathogen-free facilities. All procedures complied with the 
Principles of Laboratory and Animal Care established by the 
National Society for Medical Research and were approved by 
the University of Michigan Committee on Use and Care of 
Animals. 

Leptin Treatment 

Ten micrograms of recombinant murine leptin (R&D Systems, 
Inc) was injected subcutaneously every other day for a total of 4 
doses. Functional properties of mesenteric arterioles or aortic 
blood pressure measurement were performed the day following 
the last subcutaneous leptin injection. 
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Leptin Concentration Measurement 

Blood was collected from the periorbital sinus of mice before 
and 3 and 10 hours after 1 dose of subcutaneous injection of 
10 fig of leptin. Leptin concentration in the serum was 
measured with a murine leptin ELISA kit (R&D Systems, Inc) 
according to the manufacturer's instructions. 

TEMPOL Treatment 

4-Hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL; Sigma) 
was used to deplete superoxide anions in vivo. 13 TEMPOL was 
dissolved in water to make a 2 mmol/L solution. Mice were 
supplied with TEMPOL in the drinking water for 3 days before 
and during leptin treatment. 

Celiac Sympathetic Ganglionectomy 

Celiac ganglionectomy was performed as previously 
described. 14 Briefly, mice were anesthetized with an IP 
injection of sodium pentobarbital (67 mg/kg). The abdomen 
was opened through a ventral midline laparotomy. The small 
intestine was gently moved aside and covered by sterile 
saline-soaked gauze. Celiac sympathetic ganglionectomy was 
performed by locating and stripping the celiac plexus between 
the aorta, celiac artery, and cranial mesenteric artery. The 
abdominal cavity was closed in 2 layers with interrupted 6-0 
nylon sutures. For sham-operated animals, only fat was 
rubbed off the surface of the ganglia, and nerves were kept 
intact. Mice received leptin or PBS treatment beginning 
2 weeks after surgery. 

Functional Properties of Mesenteric Arterioles 

Mesenteric arteriole myography was performed as previously 
described. 15 Briefly, mice were euthanized with IP pentobar- 
bital (80 mg/kg), and a segment of small intestine with 
attached mesentery was removed and placed into a silas- 
tic-elastomer-lined petri dish filled with cold physiologic 
salt solution (PSS; containing [in mmol/L]: NaCI, 120; KCI, 
4.7; MgS04, 1.18; CaCI2, 2.5; KH2P04, 1.18; NaHC03, 25; 
glucose, 5.5; and EDTA, 0.026 [at pH 7.4]) equilibrated with 
5% C0 2 and 95% 0 2 . The second-order branches of mesen- 
teric arteries were dissected, and surrounding fat and 
connective tissue were cleared. Vessel segments 2 to 3 mm 
in length were mounted onto glass cannulae of a pressure 
myograph (Living Systems Instrumentation). Cannulae were 
adjusted to the axial direction of the vessel until the vessel 
walls were parallel without any stretch. Vessels were equil- 
ibrated in PSS at 37°C for 60 minutes at 45 mm Hg 
intraluminal pressure. The real-time dimension of the vessel 
wall was detected and analyzed by a video dimension analyzer 



(Living Systems Instrumentation). Vascular reactivity was 
tested under no-flow conditions. After equilibration, vascular 
viability was tested using extraluminal applied norepinephrine 
(NE; Sigma) 10~ 5 mol/L plus KCI 125 mmol/L. The vessels 
were considered viable when the constriction of the luminal 
area exceeded 60%. After washing, vascular contraction was 
assessed by measuring constriction in response to cumula- 
tively applied NE (10~ 8 to 10~ 4 mol/L). After washing and 
equilibration, endothelium-dependent relaxation was assessed 
by measuring the dilatory response to acetylcholine (10~ 9 to 
10~ 4 mol/L; Sigma) in NE (10~ 5 mol/L) precontracted 
vessels. Endothelium-independent relaxation was assessed 
by extraluminally applied sodium nitroprusside (10~ 9 to 
10~ 3 mol/L; Sigma) on the same vessel precontracted with 
NE (10" 5 mol/L). 

Aortic Blood Pressure Measurement 

Blood pressure monitoring was performed via carotid arterial 
catheterization as previously described. 16 Briefly, animals 
were anesthetized with IP injection of urethane (1.0 g/kg). 
Body temperature was maintained at 37°C on a controlled 
heating pad. After clearing surrounding tissue from the right 
common carotid artery, an arteriotomy was performed using 
fine scissors. A 1.4F microtip catheter sensor (model 
SPR-671; Millar Instruments Inc) was inserted into the carotid 
artery toward the heart into the ascending aorta. Blood 
pressure was equilibrated for 10 minutes to reach a steady 
state. Then cumulative dosages of angiotensin II (0.2 to 
200 ^g/kg) were administrated via jugular vein by a GENIE 
Plus Infusion Syringe Pump (Kent Scientific). Blood pressure 
was recorded using a data acquisition system (Powerlab 8/30) 
and Chart software (Adlnstruments). 

Osmotic Pump Implantation and Peripheral Blood 
Pressure Measurement 

To determine more chronic effects of angiotensin II and leptin 
on blood pressure, 10 fig of leptin or PBS was injected 
subcutaneously every other day for 8 days. Mice were then 
implanted with osmotic minipumps (model 2004; Alzet) 
infusing angiotensin II (500 ng/kg per minute; Sigma). Leptin 
or PBS administration was continued using the same protocol 
for an additional 12 days. During this time blood pressure 
was measured daily during the afternoon (2 to 4 pm) to 
control circadian variation, using the tail-cuff method as 
previously described. 17 For blood pressure measurements, 
mice were gently restrained on a platform at 37°C (Visitech 
BP-2000) for 10 minutes before measurement. For additional 
controls, mice were administered leptin or PBS using the 
same protocol and implanted with osmotic minipumps 
infusing only PBS. 
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Statistical Analysis 

All data are presented as mean±SE. Statistical analysis was 
done using GraphPad Prism software (GraphPad). Results 
were analyzed using the unpaired Mann-Whitney test for 
comparison between 2 groups, and median and P values are 
presented. For multiple comparisons, results were analyzed 
using 2-way ANOVA, followed by Bonferroni posttest analysis. 
Probability values of P<0.05 were considered statistically 
significant. 

Results 

Effect of Leptin Treatment on Mesenteric 
Endothelial Function and Blood Pressure 

To investigate the chronic effect of leptin on endothelial 
function in mice, 10 /ig of leptin (n=6) or PBS control (n=5) was 



injected subcutaneously every other day for 8 days. There was 
no difference in body weight between mice treated with PBS or 
leptin (25.86±1.11 versus 26.35±0.95 g; median, 26.00 
versus 26.05 g; P=0.70). The leptin levels in the serum 
increased to 21.11 ±2. 4 ng/mL 3 hours after subcutaneous 
leptin injection from a baseline level of 2.49±0.3 ng/mL. 
Leptin levels had returned to basal levels when measured 
10 hours following the injection (2.16±0.4 ng/mL). Mesen- 
teric pressure myography revealed that NE-induced concentra- 
tion-dependent contractile responses were similar in mice 
treated with PBS and mice treated with leptin (Figure 1A). 
Endothelium-independent vasorelaxation responses to sodium 
nitroprusside were also similar in the groups (Figure 1B). 
However, endothelial-dependent vasorelaxation responses to 
acetylcholine were significantly reduced in mice treated with 
leptin compared with PBS-treated mice (Figure 1C). Though 
there was no significant difference in aortic blood pressure 
between mice treated with PBS and mice treated with leptin 
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Figure 1. Leptin-induced endothelial dysfunction and enhanced pressor response to angiotensin II. A, Vasoconstriction responses of mesenteric 
arterioles to NE. B, Vasorelaxation responses of mesentery arterioles to SNP. C, Vasorelaxation responses of mesentery arterioles to Ach. D, 
Response of systolic blood pressure to angiotensin II. **P<0.01, ***P<0.001. E, Effect of leptin on chronic blood pressure elevation in response 
to angiotensin II. *P<0.05. Ach indicates acetylcholine; Ang II, angiotensin II; NE, norepinephrine; PBS, phosphate-buffered saline; SNP, sodium 
nitroprusside; WT, wild type. 
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(96. 2± 11.8 versus 107. 6±5.0 mm Hg; median, 100.1 versus 
106.9 mm Hg;P=0.052), the systolic blood pressure increased 
to a greater degree following angiotensin II challenge in the 
mice treated with leptin compared with mice treated with PBS 
(Figure 1D). Heart rate was also increased in mice receiving 
leptin compared with mice receiving PBS (629. 8=b 1 0.53 versus 
597.0±10.20 bpm; median, 633.0 versus 587.0 bpm; 
P=0.046). To investigate the effect of leptin on sustained blood 
pressure elevations, mice were implanted with osmotic mini- 
pumps infusing angiotensin II. Ten microgram of leptin (n=6) or 
PBS control (n=6) was injected subcutaneously every other day 
for 8 days before pump implantation and for 1 2 days following 
pump implantation. Mice infused with angiotensin II developed 
elevations in blood pressure compared with mice infused with 
PBS (n=6). Leptin alone did not induce hypertension (n=6). 
However, leptin administration with angiotensin II increased 
blood pressure compared with mice infused with angiotensin II 
alone (Figure 1E). 

Celiac Ganglionectomy Blocks Vascular Effects of 
Exogenous Leptin 

The effects of 1 week of leptin treatment were also 
determined following celiac ganglionectomy. Again, there 
was no significant difference in body weight between mice 



treated with PBS and mice treated with leptin (24.94±0.68 
versus 23.30±0.67 g; median, 24.80 versus 23.20 g; 
P=0.22). Celiac ganglionectomy did not impair the NE-induced 
contraction or sodium nitroprusside-induced endothe- 
lium-independent vasorelaxation of mesenteric arterioles 
(n=5 for each group; Figure 2A and 2B). However, lep- 
tin-induced impairment of endothelial-dependent relaxation in 
response to acetylcholine was completely recovered in mice 
receiving ganglionectomy compared with mice receiving sham 
operation and leptin treatment (n=5 for each group; Fig- 
ure 2C). Similarly, the leptin-induced augmentation of systolic 
blood pressure to angiotensin II was blocked by celiac 
ganglionectomy compared with sham-operated mice (n=7 for 
PBS treatment+ganglionectomy, n=9 for leptin treat- 
ment+ganglionectomy, and n=5 for sham-operated mice 
combined with leptin treatment; Figure 2D). 

Superoxide Anion Depletion Blocked the Effect of 
Chronic Leptin Treatment 

To determine whether generation of superoxide anion played a 
role in mediating the effect of leptin, mice were treated with 
TEMPOL, a superoxide scavenger, before and during leptin 
treatment. Compared with PBS, TEMPOL alone did not affect 
endothelial function (n=5; Figure 3C). However, TEMPOL 
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Figure 2. Celiac ganglionectomy blocked the effect of leptin on endothelial function and blood pressure response. A, Vasoconstriction 
responses of mesenteric arterioles to NE. B, Vasorelaxation responses of mesentery arterioles to SNP. C, Vasorelaxation responses of mesentery 
arterioles to Ach. D, Response of systolic blood pressure to angiotensin II. *P<0.05, **P<0.01, ***P<0.001 for comparisons between mice 
receiving celiac ganglionectomy or sham operation with subsequent leptin treatment. Ach indicates acetylcholine; Ang II, angiotensin II; 
Gx, ganglionectomy; NE, norepinephrine; PBS, phosphate-buffered saline; SNP, sodium nitroprusside; WT, wild type. 
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Figure 3. TEMPOL blocked the effect of leptin on endothelial function. A, Vasoconstriction responses of mesenteric arterioles to NE. B, 
Vasorelaxation responses of mesentery arterioles to SNP. C, Vasorelaxation responses of mesentery arterioles to Ach. *P<0.05, **P<0.01, 
***P<0.001 for comparisons between mice treated with leptin and those treated with both leptin and TEMPOL. Ach indicates acetylcholine; NE, 
norepinephrine; PBS, phosphate-buffered saline; SNP, sodium nitroprusside; TEMPOL, 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy; WT, wild type. 



completely blocked the effect of leptin on endothelial dysfunc- 
tion (n=6 for leptin treatment alone and n=5 for leptin plus 
TEMPOL treatment; Figure 3C). There was no significant 
difference between the group administered leptin and TEMPOL 
and the control group given PBS alone (Figure 3C). 

Discussion 

One of the earliest detectable vascular abnormalities associ- 
ated with obesity is impaired vascular relaxation. 18 ' 19 
Impaired vascular function has been shown to be predictive 
of later cardiovascular complications. 20 Mouse models of 
diet-induced obesity have also been shown to exhibit 
endothelial dysfunction, 15 and this coincides with increased 
leukocyte-endothelial interactions and precedes overt athero- 
sclerosis. Because so many factors are altered in states of 
obesity, it is difficult to determine the causal contribution of 
individual obesity-related factors in obese models. 

Leptin is a hormone secreted by adipocytes that is 
critically important in the regulation of energy balance. 21 
Mice and humans deficient in leptin or leptin receptor 
signaling are severely obese, and leptin deficiency states 
can be successfully treated with leptin replacement ther- 
apy. 22-24 However, leptin deficiency in humans is rare, and 
most obese humans have elevated leptin levels. These 
elevated levels do not prevent obesity, indicating the 
presence of central resistance to the effects of leptin and/ 
or other overriding stimuli that promote obesity. Resistance to 
chronically elevated levels of leptin may be tissue specific, as 
previous reports have demonstrated the presence of central 
leptin resistance to changes in food intake while vascular 
responses to leptin are preserved. 12 

Because the mechanism(s) by which leptin affects proper- 
ties of endothelial cells remains controversial, we studied the 



effect of chronic leptin treatment on endothelial dysfunction 
and the role of local sympathetic innervation in chronic 
leptin-mediated endothelial dysfunction. Recombinant leptin 
has been previously shown to affect atherosclerosis, 5 throm- 
bosis, 3 ' 4 and blood pressure 12 in mice. The specific effects of 
leptin on vascular tone and endothelial function are contro- 
versial. 25 This may be because of divergent mechanisms with 
both positive and negative effects in different models. For 
example, leptin may simultaneously induce balanced activa- 
tion of the sympathetic nervous system, leading to a pressor 
effect, and also increased nitric oxide (NO), leading to a 
depressor effect. 25 ' 26 Obese mice deficient in leptin have 
been shown to have impaired endothelial relaxation 
responses to acetylcholine that are corrected with exogenous 
leptin treatment. 27 However, the severe obesity associated 
with leptin deficiency may exert detrimental effects on the 
endothelium via multiple mechanisms, and leptin replacement 
may provide indirect beneficial effects in the setting of leptin 
deficiency. Direct effects of leptin have been shown on rat 
aortic and mesenteric vascular rings preconstricted with 
phenylephrine. 28 Leptin receptors were also demonstrated on 
endothelial cells, and the effects of leptin were blocked 
following endothelial denudation. 28 Several investigators have 
reported a role for leptin in increasing NO production. 29 " 31 
However, the in vivo relevance of leptin-induced endothelial 
NO upregulation remains unclear. For example, to address the 
possibility that leptin mediates a balanced NO depressor 
effect with a sympathetic nervous system pressor effect, the 
effect of leptin was studied in various vascular beds of rats, 
and no effect was observed with or without the a 1 -adreno- 
ceptor blocker prazosin. 32 The reason for the discrepancy 
between studies is unclear, although the effects of leptin may 
vary depending on the state of leptin sensitivity, the duration 
of leptin therapy, the dosing of leptin, the vascular bed being 
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studied, and whether the intact animal is being studied versus 
isolated tissue. 

In our study leptin was given to lean mice at a dose that 
did not affect body weight in order to study the direct 
vascular effects of leptin. Levels of leptin resulted that were 
in the physiologic range of obesity 33 but in a pulsatile 
pattern, returning to baseline within 10 hours of administra- 
tion. This pattern of leptin adiminstration may limit the 
effects of leptin resistance on the vasculature because the 
vessels are not exposed to sustained elevated levels of 
leptin, which induced leptin resistance. 34 ' 35 Levels of 
endogenous leptin have also been shown to fluctuate 
because of circadian rhythms and acute stressors, 36-38 
although the effect of these fluctuations on leptin sensitivity 
in humans is unclear. Our study showed that 1 week of 
leptin treatment contributes to impairment of endothelial 
relaxation in resistance vessels. Although the dose of leptin 
used in this study did not raise aortic blood pressure, it did 
enhance the pressor response to angiotensin II following 
both acute and chronic treatment with angiotensin II. Some 
studies have shown that the blood pressure response to 
angiotensin II is enhanced in obese rodents, 39 although the 
role for leptin in this enhanced sensitivity has not been 
previously shown, to our knowledge. 

To determine the role of mesenteric sympathetic nervous 
system innervation in the effects of leptin toward mesenteric 
endothelial dysfunction and the aortic pressure response to 
angiotensin II, we performed celiac ganglionectomy. The 
sympathetic nervous system has been implicated in oxidative 
stress, 40 ' 41 which may contribute to vascular dysfunction 
related to sympathetic nervous system activation. Mice 
tolerated this procedure well with no change in weight 
compared with control mice. Mesenteric sympathetic dener- 
vation blocked the adverse effects of leptin on mesenteric 
endothelial function and also blocked the enhanced pressor 
response to angiotensin II. To further explore the potential 
mechanisms for the vascular effects of leptin in this model, 
we determined the role of the superoxide anion because 
leptin has previously been shown to induce endothelial 
oxidative stress. 42 To determine the functional importance of 
the superoxide anion, mice were treated with the superoxide 
scavenger TEMPOL. This treatment completely blocked the 
effect of leptin on endothelial dysfunction. 

This study has established the important role of sympa- 
thetic innervation in the vascular effects of leptin and the 
potential of leptin to contribute to endothelial dysfunction and 
hypertension. These findings could be relevant to the early 
vascular changes observed in obesity. These results also 
suggest therapeutic targets such as targeting reactive oxygen 
species or sympathetic outflow may prevent obesity-related 
vascular functional abnormalities. Of particular interest to 
these findings, catheter-based renal sympathectomy has been 



shown to reduce blood pressure in patients with resistant 
hypertension. ' 
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